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ABSTRACT:

Mahmoud, M.S., El Hussieny, M.-A.T. and Deaf, A.S. 2025. Miocene to Pleistocene sporomorphs and dino-
flagellates from plankton-dated sediments in the NDO B-1 well, offshore Nile Delta, Egypt. Acta Geologica
Polonica, 75 (4), €59.

Based on well-preserved palynomorphs a biostratigraphic assessment of the Miocene to Pleistocene succession
in the NDO B-1 well, Nile Delta area, Egypt, is presented. Terrestrial pollen and spores are relatively more abun-
dant and diverse in their spectra than the marine dinoflagellate cysts, which has enabled their semi-quantitative
estimation. Dinoflagellate cysts are investigated on a qualitative basis. Two informal spore-pollen zones and
seven informal zones based on dinoflagellate cysts are suggested and calibrated by planktonic foraminifera and
calcareous nannoplankton zones in the well; on a local scale they can be useful in the Nile Delta area. The results
were compared with the Cenozoic palynomorph associations in the Mediterranean and Paratethyan realms. The
dinoflagellate cyst taxa around the Messinian—Zanclean boundary in the well log lack characteristic brackish
Paratethyan taxa, which is probably due to a disconnection or limited water circulation between the Paratethys
and the eastern Mediterranean at the Messinian—Zanclean boundary or related to a stratigraphic bias.
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INTRODUCTION

The Neogene is a period of interest in the geo-
logical history of the Mediterranean and Paratethys
areas due to significant tectonic, climatic and envi-
ronmental settings. The Tethys witnessed a major
fragmentation in the Cenozoic and, subsequently, the
Paratethys became isolated, and the Mediterranean
Basin evolved. This isolation resulted in distinct fos-
sil assemblages of brackish or freshwater nature, as
documented by, e.g., dinoflagellate cysts, which re-
flect a significantly reduced biodiversity during the
Messinian Salinity Crisis (MSC) events (5.97-5.33
Ma) in the Mediterranean area (e.g., Hsii ef al. 1973;
Roveri et al. 2008), with intense subaerial erosion of
the basin margins (e.g., Clauzon et al. 1996).

Few palynological works have so far been pub-
lished on the Cenozoic sedimentary succession of
the Egyptian Nile Delta and in the nearby Gulf of
Suez area. El Beialy (1988) studied Neogene sub-
surface rocks from the Kafr El-Dawar well no. 1
and recognized six, lower Oligocene to Pliocene, di-
noflagellate assemblage zones (A to F), correlated
on a local and global scale. El-Beialy (1997) stud-
ied the content of miospores and dinoflagellate cysts
across the Miocene—Pliocene boundary in the Kafr
El Sheikh-1 well in the northern Nile Delta, dat-
ing the El Wastani and Kafr El Sheikh formations
to the Early Pliocene, underlain by the Abu Madi
Formation (Upper Miocene), based on the presence
of the dinoflagellate cysts Dapsilidinium pseudocol-
ligerum (Stover) Bujak, Downie, Eaton and Williams,
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1980, Hystrichosphaeropsis obscura Habib, 1972
and Selenopemphix dionaeacysta Head, Norris and
Mudie, 1989a. The Miocene—Pliocene boundary was
regarded to have been situated between the upper-
most part of the Abu Madi Formation and the low-
ermost part of the Kafr El Sheikh Formation (EI-
Beialy 1992). Mahmoud (1993) investigated some
core samples from the Kareem Formation, penetrated
by the Shagar-1 well, southwest of the Gulf of Suez
and suggested two informal dinoflagellate cyst as-
semblages (zones A and B). Accordingly, the over-
lapping occurrence of Systematophora placacatha
[now Cleistosphaeridium placacanthum (Deflandre
and Cookson) Eaton, Fensome, Riding and Williams,
2001] and Hystrichosphaeropsis obscura was sup-
posed to correlate with the Middle Miocene. Soliman
et al. (2012) carried out a palynological investigation
on the Lower to Middle Miocene deposits of the Gulf
of Suez and established five dinoflagellate cyst zones,
with a Polysphaeridium zoharyi Assemblage Biozone
(GOSS5; upper Langhian and Serravallian?). El Atfy
et al. (2017) carried out a palynological investiga-
tion of the Miocene Rudeis and Kareem formations
(Gharandal Group), in the GH 404-2A well, Gulf of
Suez, Egypt. They established one sporomorph and
three dinoflagellate cyst zones, and highlighted the
importance of dinoflagellate cysts as good biostrati-
graphic correlation tools in the Miocene of the Gulf of
Suez, the Nile Delta and northern Sinai. El-Soughier
and Mahmoud (2019) studied the palynological con-
tent of some Neogene sediments (Miocene) pene-
trated by the GS9-1X well in the northern Gulf of
Suez, Egypt. They dated the interval to the Lower
Miocene according to the presence of the dinofla-
gellate cysts Exochosphaeridium insigne de Verteuil
and Norris, 1996, Sumatradinium soucouyantiae
de Verteuil and Norris, 1992 and Hytrichokolpoma
rigaudiae Deflandre and Cookson, 1955.

In this work, we present a Neogene—Quaternary
record of organic-walled microfossils (mainly pol-
len, spores and dinoflagellate cysts) from the NDO
B-1 well (Text-fig. 1). We focus on the composition,
diversity and abundance of terrestrial pollen and
spores. Dinoflagellate cysts proved to be relatively
less diverse than the miospores. Therefore, they were
treated on a qualitative (presence/absence) basis.
An (informal) palynomorph zonation is attempted,
which can be applied on a regional scale in the Nile
Delta area. Such a zonation can be robust due to
the presence of an independent age control (plank-
tonic foraminifera and calcareous nannoplankton) in
the well under investigation. The work aims also at
comparing the current palynological data to those in
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Text-fig. 1. Map showing the location of the NDO B-1 well, off-
shore Nile Delta, Egypt.

other parts of the Mediterranean and the Paratethys.
The interval occupied by the MSC events (Qawasim
and Rosetta formations) is spanned at length in the
well. Independent dating based on planktonic fora-
minifera (Ouda and Obaidalla 1995; Makled et al.
2017) and calcareous nannoplankton (Makled and
Mandur 2016; Mandur and Makled 2016) is available
from previous studies of the well, where the pre-
sumed MSC interval has been regarded as nonfos-
siliferous. The recovered palynomorphs are there-
fore needed to offer insights into these events. In
this context, the recovered dinoflagellate cysts serve
as indicators inferring the relationship between the
Mediterranean and the Paratethys realms during the
Neogene.

GEOLOGICAL SETTING

The Nile Delta area has been considered part of
the colliding African Plate along the southern shores
of the Mediterranean Sea (Harms and Wary 1990). It
occupies an area of approximately 22,000 km? situ-
ated in the northeastern margin of the African Plate
and is considered one of the earliest known deltas
in the world. The area was part of the Tethys Ocean
during the Late Cretaceous. Tectonics in the area in-
fluenced the facies distribution due to the formation of
several paleo-highs and lows. Continuous subsidence
resulted in a thick Neogene succession in the North
Nile Delta Basin (Sestini 1995). Six major structural
trends delineate the present Nile Delta and affect the
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distribution of its Miocene sediments (Abdel Aal et al.
1994). The deltaic sequence of the Nile Delta consists
of two clastic units, separated by an unconformity
surface (see Shalaby and Sarhan 2023).

The regional geology of the Nile Delta area
has been extensively studied (e.g., Rizzini et al.
1978; Barber 1981; Sestini, 1989; Hamouda and
El-Gharabawy 2019; Metwalli et al. 2023; Shalaby
and Sarhan 2023). Regional lithological and geo-
physical correlation of these units is not easy due
to lack of sharp vertical facies changes, since they
are made up mainly of siliciclastics (see Farouk et
al. 2014; Metwalli et al. 2023). Therefore, the des-
ignation and usage of rock units in the Neogene—
Quaternary section of the Nile Delta area is in part
controversial, particularly at the Miocene—Pliocene
transition, due to its regional widespread uncon-
formable nature. Consequently, the term Abu Madi
(Pliocene) Formation is sometimes applied as an
equivalent to the Qawasim (Miocene) Formation,
or as a Miocene rock unit overlying the Qawasim
Formation. However, according to the most accept-
able and widely-used lithostratigraphic classification
of Rizzini et al. (1978), the clastic sedimentation of
the area consists of a Miocene cycle, which is sub-
divided into the Sidi Salem, Qawasim, and Rosetta
formations, a Pliocene—Quaternary cycle, which con-
sists of the Abu Madi, Kafr EI-Sheikh, El Wastani
and Mit Ghamr formations, and a Holocene cycle
(Bilgas Formation).

LITHOSTRATIGRAPHY

The Neogene—Quaternary rock succession in the
NDO B-1 well (Text-fig. 2) is subdivided according
to stratigraphic information presented in N.C.G.S.
(1976), Rizzini et al. (1978), E.G.P.C. (1994) and
Makled et al. (2017). The rock formations of this time
interval in the Nile Delta area are briefly summarized,
from base to top, in the following paragraphs. For ad-
ditional information the reader is kindly referred to
Mahmoud et al. (2024) and El Hussieny ef al. (2025).

Sidi Salim Formation

Age: Middle to Late Miocene (Langhian to Torto-
nian) (Rizzini et al. 1978; Abdel-Kireem et al. 1984;
Abdou et al. 1984; Ismail et al. 2010; Mandur and
Makled 2016; Makled et al. 2017).

Lithology: This rock unit is composed of clay with a
few intervals of dolomitic marl, sandstone and silt-
stone interbeds. It is about 446 m thick in its type-sec-
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Text-fig. 2. Chrono- and lithostratigraphy of the Neogene—Quater-

nary succession of the investigated NDO B-1 well, position of the

studied samples and the suggested palynomorph zones. Original

composite log by E.S.S.0. (1975); chrono- and biostratigraphy af-

ter Makled and Mandur (2016) and Mandur and Makled (2016) for

calcareous nannoplankton, and Makled e7 al. (2017) for planktonic
foraminifera.

tion in the Sidi Salim-1 well (Rizzini et al. 1978). In
the NDO B-1 well, its thickness is about 213 m, the
base is not recognizable, and the top is traced below
the sandy and conglomeratic beds of the overlying
Qawasim Formation. Toward the southern delta it
probably lies on the Moghra Formation or older rock
units. In the offshore area, this rock unit is overlain
by the Messinian Qawasim clastics and Rosetta anhy-
drites, or by the Pliocene clays of the Abu Madi and
Kafr El Sheikh formations.
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Qawasim Formation

Age: Late Miocene (Messinian) (Rizzini et al. 1978,
Barber 1981; Makled et al. 2017).

Lithology: The formation consists of sand pebbles,
sandstones and conglomerates (Rizzini et al. 1978),
with a lenticular shape and slump structures. The
type-section of the formation is in the Qawasim-1
well (~ 933 m thick). In the offshore NDO B-1
well, the formation thins out to about 60 m of sand-
stones. At the base, the coarser sandy layers display
erosional features. The conglomerates are gener-
ally massive and may show planar cross-bedding.
Frequently there occur layers of peat and coal frag-
ments. The upper limit of this unit is difficult to
define on the basis of subsurface data alone (Rizzini
et al. 1978).

Rosetta Formation

Age: Late Miocene (Messinian) (Rizzini et al. 1978,
Barber 1981; Makled et al. 2017).

Lithology: The formation (~40 m thick in the Rosetta
no. 2 type well) is composed of anhydrite interbedded
with thin clay beds (Rizzini et al. 1978), which are
barren of fossils. The unit is completely missing in the
southern onshore parts of the delta, while in the north
offshore areas it terminates below Lower Pliocene
marine clays. The formation can be correlated with
the Messinian evaporites of the Mediterranean Basin
(Barber 1981). The Qawasim and Rosetta formations
terminate the Miocene cycle in the Nile Delta area;
they accumulated during the MSC events, with a very
low fossil content and a marked hiatus in the Nile
Delta area (e.g., Cherif et al. 1993), as in other regions
of the Mediterranean (e.g., laccarino and Salvatorini
1982). In the NDO B-1 well, the Rosetta Formation is
about 38 m thick.

Abu Madi Formation

Age: Early Pliocene (Zanclean) (Rizzini et al. 1978,
Abdel-Kireem et al. 1984; Abdou et al. 1984; Ismail
et al. 2010; Makled and Mandur 2016; Makled et al.
2017).

Lithology: The formation consists of thick sand and
clay interbeds (321 m in the Abu Madi no. 1 type
well) (Rizzini et al. 1978), with fauna-lacking con-
glomerates in the basal parts. The sands show large-
scale cross-bedding while bioturbation is common
in the clays. Foraminifera are frequent in the clay
intervals and are typical for the Lower Pliocene of the
Mediterranean Sea area (Cita 1973). As can be seen

from Makled et al. (2017) in the NDO B-1 borehole,
the base of the Abu Madi Formation was traced in
the top of the Non-distinctive zone (NDZ), which
is equivalent to the Qawasim and Rosetta forma-
tions. The NDZ was originally defined by laccarino
and Salvatorini (1982); its base was dated at 5.96
Ma, while its top ends at 5.332 Ma (Lourens et al.
2004). Rizzini et al. (1978) stated that the Abu Madi
Formation lies on a fairly pronounced erosion sur-
face. In the NDO-BI well, it is represented by 176 m
of sand and clay interbeds. The formation was depos-
ited during the Messinian but was reworked during
the Early Pliocene transgression (Sestini 1989). In
the onshore Nile Delta the formation reflects a pro-
gressive drowning of an incised valley, bounded at
the base by an erosional unconformity, created by
the late Messinian sea-level drop, and at the top by a
drowning unconformity related to the Early Pliocene
transgression (Metwalli ef al. 2023).

Kafr El Sheikh Formation

Age: Pliocene (Zanclean—Piacenzian) (Rizzini et
al. 1978; Abdel-Kireem et al. 1984; Abdou et al.
1984; Ismail et al. 2010; Makled and Mandur 2016;
Makled et al. 2017). The age of this formation is eas-
ily defined due to the presence of the Lower Pliocene
Globorotalia margaritae and Globorotalia punctic-
ulata zones and the Middle Pliocene Globorotalia
aemiliana and Globorotalia crassaformis zones
(Rizzini et al. 1978).

Lithology: The type-section, about 1458 m thick, is
the Kafr E1 Sheikh well no. 1. This fairly thick unit
is widespread over the whole delta area and consists
of clay and sand interbeds. In the NDO B-1 well, it
comprises clays with a few sand beds, 1088 m thick.
The clays consist of kaolinite and montmorillonite
with a minor admixture of illite (Rizzini et al. 1978).

El Wastani Formation

Age: Pleistocene (Gelasian) (Makled and Mandur
2016; Makled et al. 2016).

Lithology: The type-section of this formation, about
123 m thick, is the El Wastani well no. 1. The for-
mation consists of thick sands interbedded with thin
clays, which become thinner towards the top of the
unit. Sands are quartzose, coarse to medium grained,
while clays are soft and very sandy. The upper limit
of the El Wastani Formation is uncertain due to the
gradual decrease in clay thickness (Rizzini et al.
1978). In the NDOB-1 well, the formation is about
167 m thick.
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Mit Ghamr Formation

Age: Pleistocene (Gelasian—Calabrian) (Makled and
Mandur 2016; Makled et al. 2017).

Lithology: The type-section of this formation, about
463 m thick, is the Mit Ghamr well no.l. It consists of
thick layers of sand and pebbles that contain clay in-
terbeds. The sands are quartzose, medium to coarse-
grained while the pebbles consist of quartzite, chert
and dolomite. This rock unit reflects the filling of the
basin by coastal sands or Nile deposits (Rizzini ef al.
1978). In the NDOB-1 well, the formation measures
about 481 m.

MATERIAL AND METHODS

The present work deals with the palynostratig-
raphy of the Neogene—Quaternary succession in the
NDO B-1 well (32°05°57”N 30°53’16”E). The well
was drilled by ESSO in 1975 in the offshore Nile
Delta (eastern Mediterranean). Fifty-three cuttings
samples were used in this study (see Text-fig. 2), of
which forty-five were considered suitable for bio-
stratigraphic analysis. Samples were digested by
HCI (35%) and HF (40%) following the standard
palynological processing techniques (e.g., Traverse
2007) to remove carbonates and silicates, respec-
tively. Residues were sieved through a 15 pm mesh
after mild ultrasonic treatments to concentrate pal-
ynomorphs and eliminate unwanted material (e.g.,
amorphous organic matter). Permanent slides were
prepared using glycerin jelly as the mounting me-
dium for light microscopy. Slides were examined
using a Leica DM LB2 light microscope equipped
with a Leica DFC 280 digital camera at the Geology
Department of Assiut University, Egypt.

At least, seven slides were counted (glass cover slip
20x20 mm and 45x25 mm across) to account for the
semi-quantitative estimate of the sporomorph associ-
ations. Additional slides were scanned for qualitative
purposes. A count of more than 200 palynomorphs
(spores, pollen, dinoflagellate cysts and other miscel-
laneous components such as freshwater algae and mi-
croforaminiferal linings) was established for the ma-
jority of the samples (see Appendix). Spores and pollen
were found to be more abundant compared to the di-
noflagellate cysts. For this reason, their semi-quan-
titative percentage frequencies were calculated.
Dinoflagellate cysts are highly diluted due to the ter-
restrial influx of the Nile River (i.e., both sporomorphs
and freshwater algae) and were, therefore, investigated
on a qualitative (presence/absence) basis. The slides

and residues are housed in the Geology Department,
Faculty of Science, Assiut University, Egypt.

PALYNOLOGICAL RESULTS

Palynomorph associations from the NDO B-1 well
section contain terrestrial (spores, pollen, freshwater
algae) and marine (dinoflagellate cysts, microforamin-
iferal linings) organic-walled microfossils. In general,
the preservation of palynomorphs was moderate to
good. Freshwater algae were the main contributors of
the palynomorphs (up to 60% of total palynomorphs).
The majority of the samples contain abundant terres-
trial spores and pollen (sometimes reaching over 90%
of the total palynomorphs) while the dinoflagellate
cysts were relatively less abundant. Only in a single
horizon did these dinocysts reach more than 80% of the
total palynomorphs. For a detailed description of the
total palynofacies content in the NDO B-1 well please
refer to Mahmoud et al. (2024). Twenty-nine genera
of spores and pollen, in addition to bisaccates, repre-
sentatives of the families Chenopodiaceae, Asteraceae
(Compositae) and Poaceae (Gramineae), along with
other pollen, were documented in the Neogene—
Quaternary succession of the well. Dinoflagellate
cysts, although less abundant than spores and pollen,
are relatively more diverse, documented by twenty
genera and more than forty species. The lowest di-
versities were observed in a few samples (Qawasim
Formation, sample 15, 3084 m; Rosetta Formation,
sample 18, 3066 m; Kafr El Sheikh Formation, sam-
ple 32, 2438 m; Mit Ghamr Formation, sample 44,
1456 m). We did not observe a lack of dinoflagellate
cysts at the Miocene—Pliocene (Messinian—Zanclean)
transition (Qawasim/Rosetta and basal Abu Madi for-
mations), in contrast to the extinction of planktonic
foraminifera in the same interval. All palynomorphs
identified in this study and their stratigraphic distribu-
tion are presented in two distribution charts (Text-figs
3 and 4) and illustrated in Text-figs 5 to 10.

PALYNOLOGICAL BIOZONATION

Two informal spore-pollen zones and seven in-
formal zones based on dinoflagellate cysts are pro-
posed herein. These zones are believed to reflect a
localized/restricted nature in the Nile Delta palyno-
morph spectrum, whose species diversity and abun-
dance was highly impacted by the Nile influx during
the Neogene—Quaternary. In such conditions, estab-
lishing a zonation scheme based on the non-contin-
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Text-fig. 3. Semi-quantitative distribution chart of spores and pollen, by highest occurrence, in the NDO B-1 well, showing the proposed
spore-pollen zones (based on data counts presented in the Appendix).

uous occurrences, coupled with the presence of nu-
merous long-ranging species, requires a correlation
with another prominent environmental, stratigraphic
or other recognizable geologic phenomenon. In this
context, events such as palynofloral peaks, unconfor-
mity surfaces, and, as previously suggested, palyno-
logically-based, sequence stratigraphic boundaries
(Mahmoud et al. 2024) were incorporated to make
the palynological zonation more robust. It is worth
noting here that the section investigated is not char-
acterized by a wide range of vertical environmental
changes from e.g., terrestrial to marine. This can result
in the lack of many facies-controlled taxa, such as
outer shelf/oceanic dinoflagellates, which prevents a
more comprehensive description of the zones. Both
the uppermost (UO) and the lowest (LO) occurrences

of species are used to delineate these zones. The inves-
tigated Miocene—Pleistocene succession of the NDO
B-1 well has been independently dated by planktonic
foraminifera (Makled et al. 2017, pp. 476—480) and
calcareous nannoplankton (Mandur and Makled
2016, Miocene, pp. 7-12; Makled and Mandur 2016,
Pliocene—Pleistocene, pp. 380—382). For detailed in-
formation on these plankton zones and their recog-
nition and calibration with the standard refer to these
publications..

Sporomorph zones
SPORO A Assemblage Zone

Age: Late Miocene to Pliocene (Tortonian to Piacen-
zian).



MIOCENE TO PLEISTOCENE PALYNOMORPHS OF THE NDO B-1 WELL, OFFSHORE NILE DELTA 7

2T |35
8% |§
.'g'%}: g 3 ®
=5 | < S 3
oo = Q, - [ 5 » T| Qo -2
253 |2|5|5| |5|glslglEa|s olalS|2(5]¢| 2] .2 58|20 % = 5lalel |53 8l5]5 5282
B2 (3|8 I IRNEE R EEE R R EHE R R RE N EHEEEEEE
253 |3|x|5| g s| | §| &2 52 % 2 8|c|E5| 2|58 %5 els|e2|ex|glel?s|x|8E5 5|2 s e
s &3 s|5|3|5| el c|E|8|c|2|5|8 8|5 S8 E|2|c|S|8 5|8l NI
. 523 al&|al2|El0lS|wl5|BalS|5|8alaels5|alslslslel8elsSs|35|8 S5 HEIEE
gl el e s|s|E(S|838(8/5|835(8|2385/55/8|8 5|2 8|e8 5255 85/5/8|5/5lg 5|8 85 s
P N R R HEHEREE R EE R R R R I R EEEE RS
o < < =| < s 05| o O E|[SE|S|S|E|0| PSS LD 3|59 8| ®| < sl S|l D £|T| 8| K| 9]
E| & | & [Stage E 9|5 E|s|E|Ss|E|GE|S|8E|5|8GE|E|S|8|E|G|E|E|S|E|e23 &8 g3 8| E|E| g8
s | & | a8 2|5|8|5/&|3|&|8|3|&| 258|353 E|2| 8|52 |E|G|as|s|2|23]3|&|2 5|3 E|&|S|8| 522
53 | 2810 | 856 [ In | X X[ X[ X|X[X|X|X
52 3380 | 1030 X[ x| x| x]|x X X[ x| x]|x
51 3530 | 1075 ° _ x| x X X x| x| x X X[ Xx|Xx
49 3920 | 1194 S|ISIElo X x| x| x]|x X X X X
48 | 4100 [1249 | 8|5 | & o[ x [ x| x]x X X X | x| x X
47 4220 | 1286 -?, % 2 E X[ x|x X X X X X
46 | 2500 [ 1371 | |© | x| x| x| x x x
45 4700 | 1432 L X | x| x|x]|x X X
44 4780 | 1456 Gn x| x X
42 | 5600 | 1706 X | x| x|[x X X | x| x
41 5810 | 1770 .§ w x| x| x|x X X X X
40 | 5880 | 1792 S 2 X[ x| x[x]|x X X X x| x X x| x
a9 | 6110 [18e2| | 8| [O[x[x[x] [x X x X
38 | 6200 | 1889 e X [ x| x| x|x X X
37 | 6500 | 1981 5 X[ x| x|[x|[x X X X X
36 | 7000 | 2133 G lw| x| x|x X X X X
35 | 7200 2194 | | [T (2 x| x x x X
34 | 7400 | 2255 | g g|e x | x X
32 | 8000 | 2438 5 X
31 8100 | 2468 § X X X X X X | x
30 | 8200 | 2499 © X | X[ x|[x 3
29 | 8400 | 2560 N o |X X x x| x
28 8500 | 2590 | lo[X|x[x|x]|x X X
26 | 9200 | 2804 5 g X[ x| x[x]|x 3 3
25 | 9580 | 2919 < x | x x X
24 9600 | 2926 3 X X
23 | 9700 | 29056 < X X X X
21 9960 | 3035 © X X | x| x X | x X
20 9980 | 3041 1 x| x| x x| x X X X
19 [ 10000 | 3048 8 x| x| x
18 | 10060 3066 | |&| |o x
16 10100 | 3078 % g X[ x| x| x|x X X
15 [10120| 3084 | [2|E(B| [x][x X
14 | 10140 | 3090 g X x| x|x X X X X
13 10160 | 3096 ° 8 X[ x| x|x X X
12 | 10180 | 3102 § X | x| x X | x X X X
11 | 10500 | 3200 é s x| x| x x x X X
10 | 10820 | 3297 'g @ X | x| x|x
9 | 10960 | 3340 5 o x| x|x x x X X
7 11260 | 3432 LE é X[ x| x[x]|x x| x X X X X
5 | 11620 | 3541 3 x| x| x x x
4 11720 | 3572 & % x| x| x| x| x|x X X X | x X
3 12060 | 3675 L < X X | x x| x X
2 12400 | 3779 c % X|x|x|x|x|x X | x X X | x
1 12460 | 3797 - O x [ x[x]x[x]x x| x X X x| x
Ln =Langhian  Sn = Serravallian Gn = Gelasian In = lonian

Text-fig. 4. Distribution chart (presence/absence), by highest occurrence, in the NDO B-1 well, showing the proposed dinoflagellate cyst zones
(based on data presented in the Appendix).

Lithostratigraphic units: Upper Sidi Salim, Qawa-
sim, Rosetta, Abu Madi and Kafr El Sheikh forma-
tions.

Paleoenvironment: Coastal to inner neritic in the
Qawasim, Rosetta, Abu Madi and lower Kafr El
Sheikh formations; neritic in the upper Sidi Salim and
uppermost Kafr El Sheikh formations (Mahmoud et
al. 2024).

Calibration: Planktonic foraminifera — from the top
part of the Globorotalia mayeri Interval Zone to
the top part of the Globorotalia aemiliana Interval
Zone (see dinoflagellate cyst zone description in
this work for equivalent standard planktonic zones);
Nannoplankton — zones NN8 to NN16, Tortonian to
Piacenzian (Miocene—Pliocene) (after Mandur and
Makled 2016; Makled and Mandur 2016).
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Text-fig. 5. Pollen and spores in the NDO B-1 well. A — Annulispora salsa Braman, 2001; a (37), 1981 m, 37/97.5. B — Polycingulatisporites
sp., d (39), 1862 m, 48.1/112.6. C, E, F — Polypodiaceoisporites spp.; C — d (25), 2919 m, 38.2/99; E — d (25), 2919 m, 31/98.6; F — a (44),
1456 m, 44.8/97.1. D — Cyathidites minor Couper, 1953, g (53), 856 m, 36.8/106.8. G — Echinatisporis sp., a (51), 1075 m, 41.7/106.9. H —
Deltoidospora sp. 1 of Mander et al. (2023), q (26), 2804 m, 27.2/99.8. 1, ] — Recciaesporites sp.; 1 —b (40), 1792 m, 53.6/103.5; J —a (48), 1249
m, 38.7/114.4. K — Rouseisporites sp., d (37), 1981 m, 39.5/98.1. L — Deltoidospora sp. 2 of Mander et al. (2023), ¢ (41), 1770 m, 35.7/113.1.
M, Q — Foveosporites sp. (sensu lato); M —a (44), 1456 m, 51.7/98.8; Q —b (51), 1075 m, 49/104. N — Convavissimisporites sp., ¢ (9), 3340 m,
55.5/110. O — Ischyosporites sp., b (47), 1286 m, 41.2/93.7. P — aff. Polypodiaceoisporites sp., ¢ (25), 2919 m, 33/109. Slide symbols, sample
numbers (in brackets), depths and microscope co-ordinates are given for every illustrated specimen. Scale bar = 20 pm.
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Text-fig. 6. Pollen and spores in the NDO B-1 well. A—C — Cicatricosisporites sp.; A—b (40), 1792 m, 52.5/94.7; B—b (28), 2590 m, 33.7/94.3;
C—-k(1),3797 m, 39.6/115.3 (?reworked). D — Polypodiaceoisporites sp.,n (4), 3572 m, 32.3/110. E, I — Polypodiisporites sp.; E—b (47), 1286
m, 19.3/98.7;1—-d (39), 1862 m 38.6/105 (with baculate ornament). F — Microfoveolatosporis pseudoreticulatus (Hedlund) Singh, 1983, a (14),
3090 m, 34/110.2. G — Polypodiisporites specious Sah, 1967 sensu Mander et al. (2023), 1 (3), 3675 m, 34.7/106.9. H — cf. Deltoidospora sp.
A of Braman (2001), n (5), 3541 m, 50/93.3. J, M — Chenopodiaceae pollen; J — m (53), 856 m, coordinates lost; M —n (5), 3541 m, 50.7/96.9.
K — Laevigatosporites sp., d (29), 2560 m, 38.2/109.6. L — Inaperturopollenites sp. B of El Beialy et al. (2005), b (31), 2468 m, 47.7/92.8.
N — Inaperturopollenites sp. A of El Beialy et al. (2005), d (29), 2560 m, 24.5/98.6. O, R — Poaceae (= Gramineae) pollen; O — ¢ (39), 1862 m,
46.5/95.8; R — ¢ (52), 1030 m, 40.5/108.5. P, Q — Bisaccate pollen; P — b (39), 1862 m, 49/98.1; Q — b (37), 1981 m, 30/102.1. Slide symbols,
sample numbers (in brackets), depths and microscope co-ordinates are given for every illustrated specimen. Scale bar =20 um.
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Text-fig. 7. Pollen and spores (A-L), freshwater algae (M, O, P) and foraminifera test lining (N) in the NDO B-1 well. A — Racemonocolpites
sp. (cf. R. facilis Gonzalez-Guzman, 1967), ¢ (41), 1770 m, 41.2/107.7. B — Retitricolpites sp.,1(3), 3675 m, 37.1/94.3. C — Tricolporate pol-
len, j (32), 2438 m, 38.6/111.4. D — Asteraceae (Compositae) pollen, b (52), 1030 m, 47/100.6. E — Stephanocolporites sp., a (35), 2194 m,
30/104.5. F — Syncolporate angiosperm pollen (finely reticulate variety), d (30), 2499 m, 35.7/111. G — Retistephanocolpites sp., ¢ (29), 2560m,
38/96.8. H — Tricolpites sp., ¢ (29), 2560 m, 41.8/109.6. I — Foveotricolpites giganteus/gigantoreticulatus group, b (47), 1286 m, 22.1/112.2.
J — Fungal spore (Dicellaesporites sp.), n (5), 3541 m, 25.6/102.3. K — Spinizonocolpites baculatus Muller, 1968, ¢ (12), 3102 m, 40.8/102.3.
L — Spinizonocolpites echinatus Muller, 1968, a (11), 3200 m, 39.1/103.5. M — Pediastrum sp., a (48), 1249 m, 39.2/112.6. N — Planispiral
microforaminiferal test lining, a (40), 1792 m, 40.7/100. O, P — Ovoidites parvus (Cookson and Dettmann) Nakoman, 1966; O — ¢ (39), 1862
m, 50.3/101.1; P — b (47), 1286 m, 19.5/107. Slide symbols, sample numbers (in brackets), depths and microscope co-ordinates are given for
every illustrated specimen. Scale bar =20 um.
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Definition: Presence of the spores Annulispora spp.,
Annulispora salsa Braman, 2001, Polypodiisporites
spp., Cicatricosisporites spp., Converrucosisporites
spp. and Deltoidospora sp. B of Mander et al. (2023),
and the pollen Inaperturopollenites sp. A of El Beialy
et al. (2005) and Racemonocolpites sp.

Samples: 7 to 42 (depth interval 3432 to 1706 m).

Other characteristics: Pollen of Poaceae and Inaper-
turopollenites spp. are mostly abundant to dominant.
Rare occurrences of angiosperm pollen (e.g., tricol-
pates and tricolporates) were found. The spectra of
spores and pollen in this zone have a wide strati-
graphic range, which does not allow for a detailed
zonal subdivision. The lower part of the zone is char-
acterized by a notable reworking of palynomorphs
from older (Cretaceous) material (e.g., Afropollis jar-
dinus Doyle, Jardiné and Doerenkamp, 1982 pollen
and Cerodinium granulostriatum (Jain and Millepied)
Lentin and Williams, 1987, dinoflagellate cyst, after
Mahmoud et al. 2024).

SPORO B Acme Zone

Age: Pleistocene (Gelasian—Calabrian to Ionian).
Lithostratigraphic unit: Mit Ghamr Formation.
Paleoenvironment: Neritic (Mahmoud et al. 2024).

Calibration: Planktonic foraminifera (excluding sam-
ples 51 to 53) — Globorotalia inflata Interval Zone
(Makled et al. 2017), equivalent to standard zone N22
of Blow (1969) and zone MPL6-MPlel of Cita (1975)
(after Makled et al. 2017); Nannoplankton — zone
NN19 (after Makled and Mandur 2016).

Remarks: Makled and Mandur (2016) designated the
uppermost interval of the NDO B-1 well as Ionian,
which is equivalent to the Chibanian age according
to Cohen et al. (2013).

Definition: Maximum abundance of Foveosporites
Spp.
Samples: 44 to 53 (depth interval 1456 to 856 m).

Other characteristics: Occurrence of Annulispora
spp. (common to abundant). Ischyosporites sp., Lyco-
podiumsporites spp., Polypodiaceoisporites spp.,
Baculatisporites sp., Echinatisporis sp., Polypodii-
sporites spp. and Laevigatosporites sp. occur reg-
ularly in this zone. Pollen of Poaceae (Gramineae)
and Inaperturopollenites spp. still reflect the same
abundance distribution patterns, with fragmentary
occurrences of Chenopodiaceac and Asteraceae.
Bisaccates occur in the uppermost samples taken
from this zone.

Dinoflagellate cyst zones
DINO A Assemblage Zone
Age: Middle Miocene (Langhian—Serravallian).

Lithostratigraphic unit: Lower Sidi Salim Formation.
Paleoenvironment: Neritic (Mahmoud et al. 2024).

Calibration: Planktonic foraminifera — Praeorbu-
lina glomerosa Interval Zone, equivalent to standard
zone N8 of Blow (1969) and Globorotalia fohsi peri-
pheroronda Interval Zone of Makled et al. (2017),
equivalent to standard zones N9 and NI10 of Blow
(1969) (after Makled et al. 2017); Nannoplankton —
zones NN5 and NN6 (after Mandur and Makled 2016).

Definition: The base of this zone is undefined while
its top was delineated below the LO of Polykrikos
schwartzii Biitschli, 1873 and Selenopemphix bre-
vispinosa Head, Norris and Mudie, 1989b.

Samples: 1 to 3 (depth interval 3797 to 3675 m).

Other characteristics: Homotryblium tenuispinosum
Davey and Williams, 1966 is restricted to this zone.
Polysphaeridium zoharyi (Rossignol) Bujak, Downie,
Eaton and Williams, 1980, Homotryblium spp., Leje-
unecysta spp., Spiniferites twistringiensis (Maier)
Fensome, Williams, Barss, Freeman and Hill, 1990
and Cymatiosphaera sp. occur in this zone. Lingulo-
dinium machaerophorum (Deflandre and Cookson)
Wall, 1967, Operculodinium centrocarpum (Deflan-
dre and Cookson) Wall, 1967, Selenopemphix quanta
(Bradford) Matsuoka, 1985, Spiniferites ramosus
(Ehrenberg) Mantell, 1854 and Spiniferites spp. are
long-ranging taxa, which occur throughout the whole
investigated interval (zones DINO A to DINO G).
Sporomorphs in this zone are extremely rare, recov-
ered during the qualitative stage of the microscopic
work.

DINO B Assemblage Zone

Age: Middle—Upper Miocene (Serravallian—Torto-
nian).

Lithostratigraphic unit: Upper Sidi Salim Formation.
Paleoenvironment: Neritic (Mahmoud et al. 2024).

Calibration: Planktonic foraminifera — Globorotalia
mayeri Interval Zone (Makled et al. 2017), equiv-
alent to standard zones N11 to N14 of Blow (1969),
Globigerina woodi Interval Zone (Makled et al.
2017), equivalent to standard zones NI15 to N16 of
Blow (1969) and the base of the Globorotalia suterae
Interval Zone (Makled et al. 2017), equivalent to
standard zone N17 of Blow (1969) (after Makled et
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Text-fig. 8. Dinoflagellate cysts in the NDO B-1 well. A, J — Hystrichokolpoma sp.; A —a (40), 1792 m, 36.5/96; J —c (51), 1075 m, 47.1/110.
B — Spiniferites cf. multisphaerus Price and Pospelova, 2014, a (40), 1792 m, 37.6/102. C — Spiniferites cf. bulloideus (Deflandre and Cookson)
Sarjeant, 1970, d (52), 1030 m, 41.8/110.2. D — Spiniferites ramosus (Ehrenberg) Mantell, 1854, a (40), 1792 m, 55/111.3. E — Spiniferites
hainanensis Sun and Song, 1992, ¢ (42), 1706 m, 47.8/104.2. F — Achomosphaera sp., b (40), 1792 m, 43.6/112.3. G — Spiniferites pachyder-
mus (Rossignol) Reid, 1974, b (51), 1075 m, 56.5/108.5. H, L — Hystrichokolpoma rigaudiae Deflandre and Cookson, 1955; H — ¢ (47), 1286
m, 38.3/104; L — b (51), 1075 m, 56.4/106. I — Spiniferites cf. pacificus Zhao and Morzadec-Kerfourn, 1994, a (51), 1075 m, 45.2/107.7. K —
Melitasphaeridium sp., a (8), 3414 m, 20/103. Slide symbols, sample numbers (in brackets), depths and microscope co-ordinates are given for
every illustrated specimen. Scale bar =20 um.
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al. 2017); Nannoplankton — zones NN7 to NN10 and
base of zone NNI11 (after Mandur and Makled 2016).

Definition: Selenopemphix brevispinosa, Nematospha-
eropsis labyrinthus (Ostenfeld) Reid, 1974, Polykrikos
schwarzii and Hystrichokolpoma sp. first appear in
this zone. The top of the zone is delineated below the
LO of Operculodinium israelianum (Rossignol) Wall,
1967.

Samples: 4 to 11 (depth interval 3572 to 3200 m).

Other characteristics: Lejeunecysta spp., Spinife-
rites cf. mirabilis (Rossignol) Sarjeant, 1970, Meli-
tasphaeridium sp., Homotryblium spp. and Cymatio-
sphaera sp. occur in this zone, whereas Selenopemphix
nephroides Benedek, 1972 occurs in one sample.
Poaceae and Inaperturate pollen are mostly rare, ex-
cept for samples 9 and 11, where sporomorphs are
generally rare.

DINO C Assemblage Zone
Age: Upper Miocene (Messinian).

Lithostratigraphic units: Qawasim and Rosetta for-
mations.

Paleoenvironment: Coastal to inner neritic (Mah-
moud ef al. 2024).

Calibration: Makled et al. (2017) assigned this
planktonic-barren interval to the Upper Miocene
(Messinian) Non-distinctive zone (NDZ), originally
defined by Iaccarino and Salvatorini (1982). The base
of this zone is dated at 5.96 Ma, and the zone spans an
interval from 5.96 to 5.332 Ma (Lourens et al. 2004,
orbital tuning).

Definition: From the LO of Operculodinium israe-
lianum to below the LO of Impagidinium patulum
(Wall) Stover and Evitt, 1978. Spiniferites twistring-
iensis 1is restricted to this zone.

Samples: 12 to 21 (depth interval 3102 to 3035 m).

Other characteristics: Systematophora spp. and
Selenopemphix nephroides occur in this zone. Ina-
perturate and Poaceae pollen begin their abundance
in this zone. In the upper part of the zone, bisac-
cate pollen becomes common. Representatives of
Annulispora spores start their abundance one sam-
ple below the base of this zone. The top of the zone
is bounded by an unconformity surface, which is
regionally widespread and well-known in the Nile
Delta area (see Shalaby and Sarhan 2023). Within the
zone, namely at the base of the Rosetta Formation,
the alga Pediastrum reaches its acme (Mahmoud et
al. 2024).

DINO D Interval Zone

Age: Pliocene (Zanclean).

Lithostratigraphic units: Abu Madi and lower Kafr
El Sheikh formations.

Paleoenvironment: Coastal to inner neritic (Mahmoud
et al. 2024).

Calibration: Planktonic foraminifera — Sphaeroi-
dinellopsis seminulina Acme Zone (Makled et al.
2017), equivalent to the middle part of the standard
zone N18 of Blow (1969) and zone MLP1 of Cita
(1975), the Globorotalia margaritae Interval Zone
(Makled et al. 2017), equivalent to the middle part of
the standard zone N19 of Blow (1969) and zone MPL2
of Cita (1975) and the lower part of the Globorotalia
puncticulata—G. margaritae concurrent range zone,
equivalent to the middle part of the standard zone
N19 of Blow (1969) and zone MPL3 of Cita (1975)
(after Makled et al. 2017). Nannoplankton — zone
NNI12 and the lowermost part of zone NN13 (after
Makled and Mandur 2016).

Definition: From the LO of Impagidinium patulum to
the UO of Selenopemphix brevispinosa. In a single
horizon in the uppermost sample 31 occurs Impagi-
dinium paradoxum (Wall) Stover and Evitt, 1978.

Samples: 23 to 31 (depth interval 2956 to 2468 m).

Other characteristics: Pentapharsodinium dalei
Indelicato and Loeblich, 1986, Votadinium spino-
sum Reid, 1977, and Impagidinium paradoxum are
restricted to this zone. Polykrikos schwartzii termi-
nates in this zone interval. The base of this zone is an
unconformity (see Dino C Assemblage Zone).

DINO E Assemblage Zone
Age: Pliocene (Zanclean).

Lithostratigraphic unit: Middle Kafr El Sheikh For-
mation.

Paleoenvironment: Coastal to inner neritic (Mahmoud
et al. 2024).

Calibration: Planktonic foraminifera — upper part of
the Globorotalia puncticulata—G. margaritae Con-
current Range Zone (see above) and Globorotalia
puncticulata Interval Zone (Makled et al. 2017), equi-
valent to the standard zone N19 of Blow (1969) and
zone MPL4a of Cita (1975) (after Makled ef al. 2017);
Nannoplankton — from most of the interval of zone
NN13 to zone NNI15 (after Makled and Mandur 2016).

Definition: From above the UO of Selenopemphix
brevispinosa and the single horizon occurrence of
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Text-fig. 9. Dinoflagellate cysts in the NDO B-1 well. A — Votadinium spinosum Reid, 1977, b (29), 2560 m, 41.1/112. B — Tectatodinium
pellitum Wall, 1967, b (51), 1075 m, 31.3/109. C, E — Impagidinium sp.; C —c (51), 1075 m, 51.2/97.6; E—b (12), 3102 m, 36.8/98.4. D, I, L —
Lejeunecysta spp.; D —b (34), 2255 m, 41.5/111.6; I - b (12), 3102 m, 36.8/98.4; L — a (14), 3090 m, 44.2/102. F — Impagidinium paradoxum
(Wall) Stover and Evitt, 1978, d (31), 2468 m, 34.7/107.8. G — Cymatiosphaera sp., ¢ (48), 1249 m, 30.7/101. H — Homotryblium tenuispino-
sum Davey and Williams, 1966, 1 (3), 3675 m, 45.6/107.6. J — Palaeocystodinium sp., d (9), 3340 m, 49.5/97 (reworked). K — Andalusiella cf.
polymorpha (Malloy) Lentin and Williams, 1977, b (12), 3102 m, 35.3/102 (reworked). M — Polykrikos schwartzii Biitschli, 1873, b (29), 2560
m, 33.2/109.5. N — Dinogymnium acuminatum Evitt, Clarke and Verdier, 1967, d (11), 3200 m, 48.3/106.9 (reworked). Slide symbols, sample
numbers (in brackets), depths and microscope co-ordinates are given for every illustrated specimen. Scale bar = 20 pm.
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Impagidinium paradoxum to the UO of Homotryblium
Spp.
Samples: 32 to 37 (depth interval 2438 to 1981 m).

Other characteristics: Homotryblium spp., Impagidi-
nium cf. patulum and Systematophora spp. occur in
this zone. Hystrichokolpoma rigaudiae starts just be-
low the top of this interval.

DINO F Interval Zone
Age: Pliocene (Piacenzian).

Lithostratigraphic unit: Upper Kafr El Sheikh
Formation.

Paleoenvironment: Coastal to inner neritic to neritic
(Mahmoud et al. 2024).

Calibration: Planktonic foraminifera — Globorotalia
aemiliana Interval Zone (Makled et al. 2017), equiv-
alent to the standard zone N20 of Blow (1969) and
zone MPL4b—MPLS5 of Cita (1975) (after Makled et
al. 2017); Nannoplankton — zone NN16 (Makled and
Mandur 2016).

Definition: From just above the UO of Homotryblium
spp. to the single stratigraphic level where Spiniferites
hainanensis Sun and Song, 1992, Membranilarnacia?
sp. and Hystrichosphaeridium sp. occur. The UO of
Nematosphaeropsis labyrinthus lies close to the top
of this zone.

Samples: 38 to 42 (depth interval 1889 to 1706 m).

Other characteristics: Achomosphaera sp. and Sele-
nopemphix nephroides terminate in this zone. This
zone witnesses the lowest diversification of Deltoido-
spora spp. Racemonocolpites sp. and Tricolpites sp.
terminate their occurrences in this zone interval.
Within this interval, dinoflagellate cysts reach an
acme representing the maximum flooding surface
(Mahmoud et al. 2024).

DINO G Assemblage Zone

Age: Pleistocene (Gelasian—Calabrian to Ionian), see
remark for Zone SPORO B.

Lithostratigraphic unit: Mit Ghamr Formation.
Paleoenvironment: Neritic (Mahmoud et al. 2024).
Calibration: The same interval as for zone SPORO B.

Definition: The base of this zone lies just above the
single stratigraphic level where Spiniferites hainanen-
sis, Membranilarnacia? sp. and Hystrichosphaeridium
sp. occur. The top of the zone is uncertain.

Samples: 44 to 53 (depth interval 1456 to 856 m).

Other characteristics: Lingulodinium machaeropho-
rum, Operculodinium centrocarpum, O. israelia-
num, Spiniferites mirabilis, Impagidinium patulum,
Tectatodinium pellitum Wall, 1967, Hystrichokolpoma
rigaudiae, Spiniferites spp. and Spiniferites cf. deli-
catus Reid, 1974 co-occur in this zone.

TENTATIVE REGIONAL/INTERREGIONAL
CORRELATION OF THE NDO B-1 NEOGENE-
QUATERNARY DINOFLAGELLATES WITHIN
THE MEDITERRANEAN REALM

In general, the Miocene reflects highly diversified
dinoflagellate cyst assemblages in the Mediterranean
and Paratethys areas, with representatives of gen-
era such as Spiniferites and Operculodinium (e.g.,
Jiménez-Moreno et al. 2006; Popescu et al. 2009).
In the Central Paratethys (Central Europe), the bio-
stratigraphic zones, independently defined by fora-
minifera and nannofossils, correlate strongly to as-
semblages from the Mediterranean in the Early and
Middle Miocene, a time of broad connections be-
tween both regions, which enabled floral exchange
(Jiménez-Moreno et al. 2006). The dinoflagellate
cysts of the NDO B-1 well correlate with the Upper
Miocene and Pliocene sediments from the Sicilian
sections, with Lingulodinium machaerophorum and
Operculodinium israelianum (Londeix et al. 1999).
However, Impagidinium patulum is scarce in the
NDO B-1 assemblages in the Miocene—Pliocene
boundary interval. The Tunisian Messinian and
lower Zanclean sediments from the Jiriba-1 bore-
hole, off Tunisia (Gulf of Hammamet) were found
barren of dinoflagellate cysts, but in the upper
Zanclean and Piacenzian sediments (Londeix et al.
1999), the dinoflagellate cysts with Lingulodinium
machaerophorum, Operculodinium israelianum and
Spiniferites spp. correlate well with the present as-
semblages. Popescu ef al. (1989) analyzed rhythmic
bedding in the Pliocene Trubi formation of Sicily,
southern Italy. They found many dinoflagellate cyst
species (e.g., Achomosphaera spp., Homotryblium
spp., Hystrichokolpoma spp., Impagidinium patulum,
1L paradoxum, Impagidinium spp., Lingulodinium
machaerophorum, Nematosphaeropsis labyrinthus,
Polysphaeridium zoharyi, Spiniferites mirabilis, Spi-
niferites spp. and Tectatodinium pellitum), which are
closely comparable to the dinocysts association in the
NDO B-1 well.

On the other hand, the hydrology of the Medi-
terranean area, and the amount and the source of
water delivered to this basin from the Atlantic and
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Text-fig. 10. Dinoflagellate cysts in the NDO B-1 well. A, B, L — Linglodinium machaerophorum (Deflandre and Cookson) Wall, 1967;
A —a (40), 1792 m, 44/95.4; B —t (53), 856 m, 48.7/93; L — ¢ (51), 1075 m, 33.4/103.9. C — Selenopemphix quanta (Bradford) Matsuoka,
1985, ¢ (39), 1862 m, 37.5/111.2. D — Operculodinium israelianum (Rossignol) Wall, 1967, ¢ (51), 1075 m, 43.2/115.3. E — Selenopemphix
nephroides Benedek, 1972, b (40), 1792 m, 38.5/96.9. F — Nematosphaeropsis labyrinthus (Ostenfeld) Reid, 1974, a (40), 1770 m, 46.1/99.
G, 1 — Operculodinium centrocarpum (Deflandre and Cookson) Wall, 1967; G —a (41), 1770 m, 46.1/107.2; I — d (49), 1194 m, 30.1/103.5.
H — Selenopemphix brevispinosa Head, Norris and Mudie, 1989b (4), 3572 m, 40.5/99.5. J — Indeterminable palynomorph, ¢ (42), 1706 m,
42.7/95.3. K — Brigantedinium sp., ¢ (23), 2956 m, 35.2/98.9. Slide symbols, sample numbers (in brackets), depths and microscope co-ordinates
are given for every illustrated specimen. Scale bar =20 pm.
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the Paratethys, in addition to the freshwater de-
livered from e.g., African rivers, by the end of the
Miocene was controlled by orbital and tectonic driv-
ers (see Andreetto et al. 2021 and references therein).
Restricted marine environments were highly sensi-
tive to climatic changes in terms of those related to
gateway restriction. Significant changes in salinity,
temperature, stratification and productivity appeared
already before the Tortonian—Messinian boundary
(Besiou et al. 2024). The Strait of Sicily played an
important role in the process of water mass-exchange
between the western and eastern Mediterranean
and in the hydrodynamics of the Mediterranean
(e.g., Cita and Ryan 1973). Based on these consid-
erations, the differences that occur between the an-
alyzed dinoflagellate cysts and other assemblages
in the Mediterranean Realm can be explained. The
large influence of the Nile River and the environ-
mental restriction in the study area play a crucial role
(Mahmoud et al. 2024). Consistently, marine stenoha-
line (oceanic-outer platform) dinoflagellate taxa (e.g.,
Impagidinium paradoxum, I. patulum, I. strialatum
(Wall) Stover and Evitt, 1978, Nematosphaeropsis
labyrinthus and Spiniferites mirabilis) (Popescu et
al. 2015) are extremely rare in the present associ-
ations. On the other hand, marine euryhaline taxa
(inner platform-coastal), mainly Homotryblium spp.,
Lingulodinium machaerophorum, Operculodinium
centrocarpum, O. israelianum, Spiniferites ramosus
and others, in addition to marine heterotrophic taxa
(inner platform-coastal) constitute the major part of
the association in the well. Furthermore, taxa around
the Messinian—Zanclean boundary in the present ma-
terial lack brackish Paratethyan taxa [e.g., Galeacysta
etrusca Corradini and Biffi, 1988, Spiniferites bento-
rii (Rossignol) Wall and Dale, 1970, S. cruciformis
Wall and Dale in Wall et al., 1973], which implies
that influxes from the Paratethys probably did not
reach the area of the NDO B-1 well (e.g., Cita and
Ryan 1973). This Paratethyan impact is recorded far
to the west, in the deep southwestern Mediterranean
(Popescu et al. 2015). Galeacysta etrusca, first de-
scribed from the uppermost Messinian of Italy
(Corradini and Biffi 1988), had migrated from the
Paratethys into the Mediterranean Sea during the
late Messinian (see Clauzon et al. 2005; Popescu
et al. 2009). The G. etrusca complex migrated into
the Mediterranean during high sea-level connec-
tions, just before and after the peak of the Messinian
Salinity Crisis (Popescu et al. 2009). However,
two episodes of water exchange existed between
the Mediterranean and the Paratethys seas during
6—5 Ma, causing a ‘Lago Mare’ biofacies along the

Mediterranean margins (Bertini ef al. 1995; Clauzon
et al. 2005). The absence of that taxon, along with
Spiniferites bentorii and S. cruciformis, in the study
area in the eastern Mediterranean, may be attributed
to the disconnection and/or limited water circulation
between the western and eastern Mediterranean at
the Messinian—Zanclean boundary. An inverse ex-
planation may be suggested due to the occurrence of
a widespread erosion surface in the Nile Delta area
(Rizzini et al. 1978; Metwalli et al. 2023; Shalaby
and Sarhan 2023). This regional unconformity may
account for the removal of sediments equivalent to
the Lago Mare biofacies during these times.

In the regional record, the association of dinofla-
gellate cysts recovered from the Miocene and Pliocene
sediments in the Nile Delta (El Beialy 1988) contains
species in common with the NDO B-1 associations,
such as Homotryblium tenuispinosum and Nemato-
sphaeropsis labyrinthus but lacks others, such as Lin-
gulodinium machaerophorum, Operculodinium cen-
trocarpum and O. israelianum. The middle Miocene
to Pliocene assemblages in the eastern Nile Delta (El
Beialy 1990) have also taxa in common, such as Spini-
ferites/Achomosphaera, Lejeunecysta, Impagidinium
and Systematophora. The upper Miocene (as Abu
Madi Formation) and lower Pliocene (Kafr El Sheikh
IIT formation) associations, investigated by El Beialy
(1992, Damanhur South-1 well, west Nile Delta)
are more closely comparable to our assemblages.
The middle Miocene dinoflagellate cyst association
from the Shagar-1 borehole, SW Gulf of Suez, Egypt
(Mahmoud 1993, dinoflagellate cysts zones A and B)
contains two index taxa, i.e., Hystrichosphaeropsis
obscura and Cleistosphaeridium placacanthum (as
Systematophora placacantha) that are missing in the
NDO B-1 associations. The Miocene dinoflagellate
cysts recovered by Soliman et al. (2012, Gulf of Suez)
were not recovered here, probably due to major pa-
leoenvironmental differences between the Nile Delta
and the Gulf of Suez areas. However, a synopsis of
ranges was created for some selected dinoflagellate
cysts in the study area (Text-fig. 11), where ranges of
selected NDO B-1 dinoflagellate cysts, in terms of
local Egyptian and global records, may differ.

CONCLUSIONS

Two informal zones based on spore and pollen,
and seven informal zones based on dinoflagellate
cysts are suggested for the Miocene to Pliocene in-
terval in the offshore Nile Delta area. These zones
may be of regional significance, especially in the Nile
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Text-fig. 11. Synopsis of ranges of selected dinoflagellate cysts identified in the studied NDO B-1 well, showing their extension in the Nile
Delta area and the world.

Delta area, which was highly impacted during the
Neogene by a huge river influx. This particular case
reflects a characteristic palynoflora which is believed
to reflect the variability in species appearance/disap-
pearance, abundance and diversity when compared
to their contemporaneous regional/interregional
counterparts. The observed differences in the paly-

nofloras between the Nile Delta and adjacent areas in
Miocene—Pleistocene times are most probably due to
varying paleoenvironments. In a wider sense, the hy-
drology of the Mediterranean, the environmental and
strait restriction might explain why the analyzed dino-
flagellate cyst assemblages possess their own nature.
Age constraints and the occurrence of a widespread
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unconformity at the Messinian—Zanclean boundary
in the Nile Delta area suggest either a disconnection
between the eastern and western Mediterranean areas
or, otherwise, a stratigraphic bias.
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APPENDIX

Numerical counts of the palynomorphs recovered from the NDO B-1 well.
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